Objective: Measures of reaction time (RT) near threshold have been used to indicate whether listeners with hearing losses of primarily cochlear origin experience greater loudness at elevated thresholds than at normal thresholds. These measurements have been based on the assumption that RTs near threshold are not affected by stimulus frequency in the 1-to 4-kHz range. The present study tests this hypothesis.
INTRODUCTION
Measurements of simple reaction time (RT) to sounds correlate with loudness (for review, see Wagner, Florentine, Buus, and McCormack, 2004) . The louder the sound is, the faster the RT (i.e., the shorter the interval between stimulus presentation and response). Because of this relation, RT has been used to support the concept of softness imperception (Florentine, Buus, and Rosenberg, 2004) . Softness imperception is the inability to hear soft sounds and may occur in people with hearing losses of primarily cochlear origin (Florentine and Buus, 2002) . It implies that loudness at threshold is elevated for listeners with impaired hearing and that loudness at threshold, for all listeners, is non-zero.
One experiment used to gain insight into softness imperception is RT to tones .
In this experiment, listeners with sloping non-conductive hearing losses were asked to press a button as soon as they heard a sound. Results revealed faster RTs to tones at and near threshold in a frequency range of elevated thresholds than in a frequency range of normal thresholds. Results from two age-matched control subjects with normal hearing showed little if any effect of frequency and suggest that the listeners with impaired hearing can serve as their own controls. However, this conclusion is based on data from only two listeners.
To fully evaluate RT data from listeners with impaired hearing, it is important to understand the possible variation of RT behavior in listeners with normal hearing. Chocholle (1940) was the first to investigate the relation between RT and frequency. He measured RT-intensity functions in three listeners over a wide range of frequencies (i.e., 20 Hz to 10 kHz). He reported that equally loud tones produced equal RTs regardless of the stimulus frequency. However, his measurements may have been influenced by audible clicks.
Subsequent investigations by Santee and Kohfeld (1977) and Kohfeld et al. (1981) support Chocholle's (1940) finding at test levels of 60 and 80 phon but not at test levels of 20 and 40 phon. Unfortunately, the later studies are open to question because their equal-loudness contours used to equate RT and loudness at low levels differ substantially from those obtained in most other studies. In fact, Buus et al. (1982) were not able to replicate their unusual loudness matches by using the method of Kohfeld et al. but obtained data consistent with those in the literature using two standard loudness-matching procedures. Furthermore, tones matched in loudness by using standard loudness-matching procedures resulted in nearly identical RTs from 0.5 to 5 kHz.
Other studies that measured RT to tones in frequency ranges around 1 and 4 kHz report no effect of frequency at moderate and high levels (Marshall and Brandt, 1980; Pfingst, Hienz, Kimm, and Miller, 1975; van der Molen and Keuss, 1979) . However, there are very few data at low levels, and those existing data appear in conflict with one another. For example, Pfingst et al. (1975) note possible effects of frequency on RT at low levels. Their measurements in two listeners show good correspondence between equal RT and equal loudness. Their data also show steeper RT-intensity functions at 4 kHz than at 1 kHz, in contrast to the two control listeners of Florentine et al. (2004) with normal hearing who show RTintensity functions at the same two frequencies with the same slope. If the RT-intensity function is steeper near threshold at 4 kHz than at 1 kHz in listeners with normal hearing, the conclusion of Florentine et al. (2004) that RT data support the concept of Softness Imperception must be re-examined.
In summary, there is a dearth of data on the effect of test frequency on RT in listeners with normal hearing at low levels. In addition, few studies report individual data. It is likely that individual RTs vary substantially from the mean. More data are needed to understand this possible variation of RT behavior in listeners with normal hearing before any conclusions can be drawn from the data of listeners with impaired hearing. Therefore, the purpose of this study is to measure RT to 1-and 4-kHz tones as a function of level in listeners with normal hearing to provide an understanding of how frequency affects RT across a wide range of sensation levels (SLs).
METHODS

Procedure
The procedure consisted of two parts. At the beginning of each session, absolute thresholds were measured at the test frequencies. Next, several blocks of RT measurements were obtained with frequencies presented in counterbalanced order. Absolute Thresholds • Absolute thresholds were measured with an adaptive procedure using a twointerval, two-alternative forced-choice (2I, 2AFC) paradigm. Each trial contained two observation intervals, which were marked by lights and separated by 500 msec. The signal was presented in either the first or the second observation interval with equal a priori probability. The listener's task was to indicate which interval contained the signal by pressing a key on a small computer terminal. Two hundred milliseconds after the listener responded, the correct answer was indicated by a 200-msec light. After the feedback, the next trial began after a 500-msec delay.
A single threshold measurement was based on three interleaved adaptive tracks. For each track, the level of the signal was initially set approximately 15 dB above the listener's expected threshold. It decreased after three consecutive correct responses and increased after one incorrect response. The step size was 5 dB until the second reversal, after which it was reduced to 2 dB. Reversals occurred when successive signal levels changed direction from increasing to decreasing or vice versa. On each trial, the track was selected at random among the tracks that had not yet ended, which they did after five reversals. The threshold for one track was calculated as the average of the signal levels at the fourth and fifth reversals. One threshold measurement was taken as the average threshold across the three tracks. This procedure converged on the signal level yielding 79.4% correct responses (Levitt, 1971) .
In the initial session for each listener, at least two such threshold measurements (for a total of six tracks) were obtained for each stimulus. Threshold measurements in which the standard error across the three tracks exceeded 2 dB were discarded and replaced. If acceptable measurements differed less than 2 dB, the average of the two thresholds was used as a reference to set the SL. Otherwise, a third threshold measurement was obtained and the average of all three thresholds was used. In subsequent sessions, at least one threshold measurement was obtained for each frequency to be tested in that session. If the threshold was within 1 dB of the mean threshold for the previous session, the average threshold from the previous session was used as a reference to set the SL. Otherwise, additional thresholds were obtained as explained for the initial session and the average of the new thresholds was used to set the SL. Reaction-Time Measurements • Reaction times were measured by asking the listeners to press a telegraph key as soon as they heard a tone. The RT was defined as the time elapsed between the onset of the stimulus and the listener's response. Each trial started by flashing an LED, which marked the beginning of a random-duration foreperiod that was inserted between the response and the presentation of the next tone. The duration of the foreperiod was the sum of a fixed 1-second interval plus an exponentially distributed random variable with a mean of one second. An RT was retained for analysis only if the response occurred between 125 msec and 4 seconds after the onset of the stimulus. Each trial was terminated after the response or after 4 seconds, whichever came first. Responses occurring during the first 125 msec of the stimulus were counted as false-positives. If no response occurred within 4 seconds, the trial was counted as a miss and the LED was flashed once to indicate to the listener that the stimulus was missed and that a new trial was starting. Missed trials were repeated twice at most. Each repeat presentation was preceded by a dummy trial at the next higher level in an attempt to cue the listener to the signal. Within each block of trials, tones at a single frequency were presented with levels in quasi-random order (without replace-EAR & HEARING, VOL. 27 NO. 4 425 ment) for a total of five presentations at each level, not counting repeats of missed presentations. On each trial, the level was selected at random with the restriction that the SL could not change more than 30 dB from the previous level. Dummy trials at intermediate levels were added as necessary to ensure completion of all planned trials. At least four (but as many as eight) blocks of trials were obtained at each frequency.
Stimuli
The 1 and 4 kHz, tones had rectangular durations of 200 msec with rise-fall times of 6.67 msec. The levels tested ranged from 0 dB SL to 100 dB SPL.
Apparatus
A PC-compatible computer with a signal processor (TDT AP2) generated the stimuli through a 16-bit D/A converter (TDT DD1) with a 41.67-kHz sample rate, recorded the listeners' responses, and executed the experimental procedure. The output of the D/A was attenuated (TDT PA4), low-pass filtered (TDT FT5, fc ϭ 20 kHz, 135 dB/octave), attenuated again (TDT PA4), and led to a headphone amplifier (TDT HB6), which fed one earphone of the Sony MDR-V6 headset. The listeners were seated in a sound-attenuating booth with the response box, telegraph key, and headphones; all other equipment was positioned outside the booth.
For routine calibration, the output of the headphone amplifier was led to a 16-bit A/D converter (TDT DD1), such that the computer could sample the waveform, calculate its spectrum and rms voltage, and display the results before each block of trials. The SPLs reported below presume a frequency-independent output of 116 dB SPL for an input of 1 V rms. The Sony MDR-V6 headset has a reasonably flat (Ϯ5 dB) free-field response across the range of test frequencies. The SPL of 116 dB is close to that measured at 1 kHz in a 6-cc coupler (B&K 4152).
Listeners
A total of 16 listeners were tested. All listeners had bilaterally normal thresholds within 15 dB of ANSI (1989) standard at octave frequencies from 250 to 8000 Hz and medical histories consistent with normal hearing. Thresholds at the test frequencies and the ages of the listeners can be found in Table 1 . No listener had tinnitus at the time the experiments were performed.
Data Analysis
Because RTs have highly skewed distributions, especially as they become slower near threshold, the logarithm of the median RTs were used to represent the central tendency for each listener and stimulus. Using the logarithm helps ensure that RT measurements have a distribution that is closer to gaussian.
To determine whether there was a statistically significant effect of test frequency on RT, multiple repeated-measures analyses of variance (ANOVAs) were performed. Because frequency may not have a systematic effect across level, an ANOVA was performed at each of three SL sets for each listener to 
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examine whether the difference between RT to 1-and 4-kHz tones was statistically significant. The SL sets were selected to highlight and isolate specific ranges of interest to see whether frequency effects changed across the range of SLs tested. The ranges used were the lowest three SLs (0, 3, and 8 dB), three middle SLs (38, 43, and 48 dB), and three high SLs (58, 63, and 68 dB). Because of the use of multiple ANOVAs, a Bonferroni adjustment was made to reduce the likelihood of type I statistical errors. To investigate whether learning might interfere with the effects of level and frequency, the correlation between block number and reaction time was calculated for each of the SL sets for each listener.
RESULTS
The median RTs to 1-and 4-kHz tones for 16 individual listeners are shown in Figure 1 , a and b. The plots are ordered by significance of the effect of frequency on RT at the lowest levels.
Reaction time generally decreases as SL increases, although for most listeners it remains statistically constant at the highest few SLs tested. The fastest RTs (around 200 msec for most listeners) were close to those reported in the literature (e.g., Kohfeld, 1971; Kohfeld, Santee, and Wallace, 1981; Marshall and Brandt, 1980; Pfingst et al., 1975) . Reaction times were most variable at the lowest levels, as shown by the large semi-interquartile ranges in Figure 1 , a and b. Visual analysis indicates that there is some effect of frequency on RT, but it primarily seems to occur at the lowest SLs and may only occur in some listeners. In contrast to the data for listeners with normal hearing, results from two listeners with impaired hearing from Florentine et al. (2004) are replotted with permission in Figure  2 . Both listeners had normal thresholds at 1 kHz and elevated thresholds at 4 kHz, primarily as the result of cochlear pathology, as shown in Table 1 . These listeners were selected because they were run using the same procedures used in the present study. They show a greater difference in RTs to the two frequencies than any of the listeners with normal hearing in the present study.
Multiple ANOVAs were performed to determine whether an effect of frequency was present and whether the effect was significant at all SLs for each listener. The top portion of Table 1 shows the ANOVA results for the 16 listeners with normal hearing. The bottom portion of Table 1 shows the ANOVA results for the two listeners with impaired hearing. A 95% criterion (i.e., probability below 0.05) was considered significant for this analysis. After the Bonferroni adjustment, the criterion for significance was a probability below 0.0009.
At the lowest SLs, six listeners (L1-6) showed significant frequency effects. Of those six, two (L3 and L5) had faster RTs to the 1 kHz tones. At the middle SLs, only two listeners showed frequency effects (L10 and L13). L13 had faster RTs at the middle SLs for the 1 kHz tones. At the high SLs, two listeners showed significant frequency effects. One listener had faster RTs to the 4-kHz tones (L10) and one had faster RTs to the 1-kHz tones (L15). The results in Table 1 indicate that although some listeners did show middle-and high-SL frequency effects, the low-SL effect is more common. The two listeners with impaired hearing both showed significant effects of frequency at low levels.
To determine what portion of the variance could be accounted for by improvement in RT due to learning, Table 2 shows the correlation (R) and two-tailed significance (p) of the correlation between block number and RT.
Overall, there was an insignificant correlation between run and RT. Some individuals showed a slight learning effect. Even in these cases, the correlation could not account for more than 18% of the variance (R 2 ) seen. When a 99% test criterion (i.e., p Ͻ 0.01) is used, three listeners showed an effect of learning at low SLs (L4, L5, and L9), three showed an effect of learning at middle SLs (L1, L10, and 
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